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SUMMARY 
Low-cycle f a t i g u e  l i f e  a t  h igh  temperature can be p red ic ted  by i n t r o d u c i n g  
parametr ic  values obtained from monotonic c o n s t i t u t i v e  behavior i n t o  the 
Universal-Slopes Equation. For d i r e c t i o n a l l y  s o l i d i f i e d  MAR-M200tHf a t  975 O C ,  
2 these parameters a re  the maximum s t r e s s  achievable under e n t i r e l y  p l a s t i c  
;;; (t ime-independent)  and p u r e l y  creep (t ime-dependent) cond i t i ons  and the co r res -  
ponding i n e l a s t i c  s t r a i n s ,  as w e l l  as t h e  e l a s t i c  modulus. For m a t e r i a l s  which 
e x h i b i t  p l a s t i c i t y / c r e e p  i n t e r a c t i o n ,  two more p a i r s  o f  monotonic parameters 
must be evaluated f o r  f a t i g u e  l i f e  p r e d i c t i o n .  
This l i f e - p r e d i c t i o n  method based on t h e  Universal-Slopes Equation, 
r e s u l t e d  f rom a c o n s t i t u t i v e  model c h a r a c t e r i z i n g  monotonic and c y c l i c  data as 
i n e l a s t i c  s t r a i n r a t e  as a func t i on  o f  i n e l a s t i c  s t r a i n .  Charac te r i z ing  mono- 
t o n i c  data i n  t h i s  way, pe rm i t ted  d i s t i n c t i o n  between d i f f e r e n t  m a t e r i a l  
responses such as s t ra in -ha rden ing ,  s t r a i n - s o f t e n i n g ,  and dynamic recovery 
e f f e c t s .  Understanding and d e f i n i n g  the  reg ion  o f  i n f l u e n c e  o f  each o f  these 
e f f e c t s  f a c i l i t a t e d  fo rmu la t i on  o f  the c o n s t i t u t i v e  model i n  r e l a t i o n  t o  the 
mechanical and m i c r o s t r u c t u r a l  processes occu r r i ng  i n  the  m a t e r i a l  under c y c l i c  
loading.  
I N 1  ROOUCl  10N 
Es t ima t ing  f a t i g u e  l i f e  based on the  s t r o n g l y  rate-dependent deformat ion 
processes which c o n t r o l  m a t e r i a l  response a t  e levated temperature i s  a major 
problem i n  the  design o f  turbomachinery ( r e f .  1 ) .  Such deformat ion processes 
i n c l u d e  time-dependent creep and time-independent p l a s t i c i t y  w h i l e  s t r a i n  i s  
i n c r e a s i n g  i n  tens ion o r  compression d u r i n g  the f a t i g u e  cyc le.  Success i n  
e s t i m a t i n g  l o w  c y c l e  f a t i g u e  l i f e  under such cond i t i ons  has va r ied  considerably  
( r e f s .  2 t o  5 ) .  
One o f  the more successful  phenomenological methods f o r  p r e d i c t i n g  h igh-  
temperature, l ow-cyc le  f a t i g u e  l i f e  i s  t he  s t ra in range  p a r t i t i o n i n g  approach, 
which was developed a t  NASA by Manson, Ha l fo rd ,  and Hirschberg ( r e f .  6 )  and 
has become a v i a b l e  engineer ing design t o o l  ( r e f .  7 ) .  The procedure i nvo l ves  
the  de te rm ina t ion  o f  the f o u r  bas ic  l i f e  r e l a t i o n s h i p s ,  r e s u l t i n g  f rom the 
four  p o s s i b l e  combinations o f  p l a s t i c  o r  creep s t ra in range  i n  the t e n s i l e  o r  
compressive halves of the fatigue cycle1 for a given material, and their use 
in conjunction with an interaction damage rule to predict cyclic lives. 
The present work was undertaken i n  order to achieve an understanding of 
the basic mechanisms which are responsible for observed material response, and 
thereby achieve a prediction model. Specific objectives were: 
(1 )  Determination of the relationships between the mechanical response 
observed during strain-cycling tests and monotonic creep and plasticity 
materials response. 
(2) Analysis of the plasticity and creep damage mechanisms operating 
during fatigue loading, through metallographic examination of the test 
specimens. 
(3) Development of a model for the estimation of the strain-life relation, 
based on the mechanical and microstructural response. 
In the present program (refs. 8 and 9) both cyclic and supporting mono- 
tonic tests were conducted under strain control at constant strainrates. The 
material tested was MAR-M200+2%Hf in directionally solidified form. Tests 
were conducted in air at 975 "C. The emphasis in this paper i s  on observed 
mechanical behavior. A more extensive discussion of microstructural response 
i s  found i n  reference 10. 
MONOlONIC' BEHAVIOR 
Data for MAR-M200+2%Hf superalloy under constant strainrate in tension 
at 975 "C were used to construct the monotonic hodograph (fig. 1). The hodo- 
graph (refs. 1 1  and 12) i s  a convenient way of presenting materials response 
because the shapes of the constant-stress curves of the hodograph delineate the 
three mechanical processes governing materials response at elevated tempera- 
tures. It can be constructed from data obtained in a variety of mechanical 
tests,. such as creep tests, relaxation tests, as well as strength tests. The 
hodograph i s  plotted as the logarithm of inelastic strainrate against the loga- 
rithm of inelastic strain i n  a family of constant-stress curves. 
On the right-hand side of the hodograph the curves form a set of more or 
less parallel lines, with strainrate increasing for increasing strain. This 
region i s  governed by dynamic recovery of the material. It i s  bounded on the 
left by the minimum strainrate for a given stress, or conversely by the 
lThroughout the discussion strainrange partitioning notation is used, 
namely: 















maximum s t ress  developed under a given s t r a i n r a t e .  On the  r i g h t  t he  r e g i o n  i s  
bounded by t h e  f r a c t u r e  s t r a i n ,  wh ich  i s  constant  a t  t h e  lower s t r a i n r a t e s  
which c h a r a c t e r i z e  creep, and decreases somewhat i n  t h e  h i g h - s t r a i n r a t e ,  
p l a s t i c i t y - a f f e c t e d  regime. 
P l a s t i c i t y  i s  t h e  dominant process i n  the upper l e f t -hand  quadrant o f  the 
hodograph. Here the  v e r t i c a l  l i n e s  i n d i c a t e  a s t r e s s - s t r a i n  r e l a t i o n s h i p  t h a t  
i s  independent o f  t he  s t r a i n r a t e .  A t  these r e l a t i v e l y  h i g h  s t r a i n r a t e s ,  d i s l o -  
c a t i o n  l o c k i n g  a k i n  t o  s t r a i n - a g i n g  does n o t  begin t o  be f e l t  u n t i l  cons ider-  
a b l e  s t r a i n  has taken p lace  under s t ra in-hardening cond i t i ons .  I n  f a c t ,  by 
the t ime s t r a i n - a g i n g - l i k e  e f f e c t s  can take p lace  i n  t h i s  range they a r e  
over-shadowed by the recovery process which e v e n t u a l l y  leads t o  f a i l u r e .  The 
lower bound o f  t he  p l a s t i c i t y  reg ion  i s  def ined by a t ime-constant c o n t r o l l e d  
by the  m a t e r i a l  d i f f u s i o n  ra tes .  This recovery boundary i s  i n d i c a t e d  I n  the 
f i g u r e  by the  45 '  l i n e .  
D i s l o c a t i o n  generat ion,  p i le-ups and i n t e r a c t i o n s ,  causing a hardening 
e f f e c t ,  dominate the  lower l e f t  quadrant o f  t he  hodograph. A t  l o w  s t r a l n r a t e s ,  
low t o  moderate stresses develop due t o  d i s l o c a t i o n  c l i m b  and d i f f u s i o n  
processes i n  the  m a t e r i a l .  Recovery r a t e s  a t  t he  low energy l e v e l s  i nvo l ved  
here a r e  overshadowed u n t i l  subs tan t i a l  s t r a i n  i s  achieved. The d i f f u s i o n  
processes a r e  i n c r e a s i n g l y  i n h i b i t e d  by con t inu ing  l ock ing ,  w i t h  the r e s u l t  
t h a t  s t r a i n r a t e  decreases as constant s t r e s s  i s  maintained, u n t i l  s u f f i c i e n t  
s t r a i n  i s  accumulated so  t h a t  recovery becomes the dominant cause o f  s t r a i n i n g .  
Thus the monotonic hodograph def1ne.s an area where t ime-independent s t r a i n  
occurs a t  h i g h - s t r a i n r a t e s  p r i o r  t o  i n i t i a t i o n  o f  t he  recovery process, and a 
reg ion  o f  t ime-independent deformation a t  more moderate s t r a i n r a t e s .  
dependent deformat ion i s  caused by dynamic recovery i n  the m a t e r i a l ,  evidenced 
as s t r a i n i n g  i n i t i a t e d  a t  moderate s t r a i n r a t e  and again when f a i l u r e  i s  
approached. Between these extremes d i s l o c a t i o n  l o c k i n g  mechanisms r e t a r d  
deformat ion and lead t o  t r a n s i t o r y  hardening o f  t he  m a t e r i a l .  
i s t i c s  o f  monotonic s t r a i n i n g  have been emphasized because o f  t h e i r  s i g n i f i c a n c e  
rega rd ing  c y c l i c  response. 
Time- 
These character-  
C Y C L I C  BEHAVIOR 
Resul ts  o f  c y c l i c  s t r a i n - c o n t r o l l e d  t e s t s  a re  shown i n  the c y c l i c  
hodograph o f  f i g u r e  2. The t e s t s  were conducted under symmetrical l oad ing  
(R, = - l . O ) ,  so t h a t  i n  r e a l i t y  two hodographs, one f o r  t ens ion  and one f o r  
compression, a r e  requi red.  However, as was the case under monotonic l oad ing  
( r e f .  9), t e n s i l e  and compressive responses were found t o  co inc ide,  and i t  was 
p o s s l b l e  t o  present both on the same p l o t  by us ing  absolute values o f  the 
parameters. 
In order t o  superimpose c y c l i c  stresses and s t r a i n s  on the monotonlc 
hodograph, as i n  f i g u r e  2, adjustment must be made f o r  the f a c t  t h a t  c y c l i c  
l oad ing  has double the range o f  t he  corresponding monotonic excursion. 
t he  p o i n t s  on the  hys te res i s  loop were p l o t t e d  as A d 2  and A ~ i n / 2 ;  
w i t h  t h e  compressive l oad - reve rsa l  p o i n t  as re ference.  I n  t h i s  way t h e  c y c l i c  
s t r a i n - s t r a i n r a t e - s t r e s s  values became compat ib le w i t h  monotonic curves, and 
could e a s i l y  be compared w i t h  them. 
Thus 
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The c y c l i c  response curves obtained were unique f u n c t i o n s  o f  t o t a l  s t r a i n -  
r a t e  which was held constant  throughout each c y c l i c  t e s t .  For a g iven t o t a l  
s t r a i n r a t e  or  frequency a s i n g l e  s t r a i g h t  l i n e  resu l ted ,  regard less o f  s t r a i n  
ampli tude, above the recovery demarcation l i n e  f o r  PP t e s t s  and below i t  f o r  
C C  t e s t s .  The p l a s t i c i t y  h a l f  o f  CP and PC h y s t e r e s i s  loops co inc ided w i t h  PP 
r e s u l t s ,  w h i l e  the creep h a l f  matched r e s u l t s  obta ined f rom C C  t e s t s .  
PP r e s u l t s  i n  f i g u r e  2 i n d i c a t e  t h a t  f o r  a g i ven  p l a s t i c  s t r a i n r a t e ,  
doubl ing the  loading frequency r e s u l t e d  i n  e s s e n t i a l l y  doubl ing the  corres-  
ponding p l a s t i c  s t r a i n .  This i s  due t o  the  f a c t  t h a t  a t  p l a s t i c  s t r a i n  ampl i -  
tude on the  order o f  0.5 percent and l e s s ,  t he  p l a s t i c  s t r e s s - s t r a i n  response 
was almost l i n e a r .  The r e l a t i o n s h i p  between c y c l i c  PP r e s u l t s  and monotonic 
p l a s t i c i t y  i s  not imnediate ly  ev ident .  However, as w i l l  be brought out i n  the  
d iscuss ion o f  CC data and t h e i r  bear ing on f a t i g u e  l i f e  p r e d i c t i o n ,  t he  r e l a -  
t i o n  o f  t h e  cycl ic/monotonic parameters i s  secondary. 
If the  C C  r e s u l t s  a r e  cross p l o t t e d  as l i n e s  o f  constant  s t ress  i n  the  
manner o f  the monotonic hodograph, the  curves o f  f i g u r e  3 a r e  obtained. A t  
f requencies below 0.01 Hz c y c l i c  data co inc ided w i t h  monotonic data, probably 
because a t  such low frequencies the l oad ing  i s  e s s e n t i a l l y  s t a t i c .  However, 
a t  f requencies between 0.01 and 0.04 Hz, constant  s t ress  curves remained essen- 
t i a l l y  h o r i z o n t a l  a t  t he  l e v e l  determined by t h e  i n t e r s e c t i o n  o f  t he  monotonic 
hodograph and the  s t r a i g h t  l i n e  represent ing t h e  i n i t i a t i o n  o f  time-dependent 
recovery processes. I n  t h i s  frequency range hardening d i d  n o t  occur under 
c y c l i c  loading,  the m a t e r i a l  remaining almost f u l l y  recovered and s o f t .  Th is  
suggests t h a t  r a d i c a l l y  d i f f e r e n t  c h a r a c t e r i s t i c s  were a c t i v e  i n  the micro- 
s t r u c t u r e  under c y c l i c  and monotonic cond i t i ons ,  be fo re  the  onset o f  the . 
c rack ing  and f a i l u r e  phase. S i m i l a r  response under c y c l i c  cond i t i ons  was 
n o t i c e d  p rev ious l y  ( r e f s .  1 3  and 14) f o r  Udimet-700 and f o r  316 s t a i n l e s s  
s t e e l .  
The phenomenon o f  preserved I 'sof tness" o f  t he  m a t e r i a l  under c y c l i c  condi-  
t i o n s  has a l s o  been noted by others ( r e f .  15).  I t  i s  apparent ly  t he  r e s u l t  o f  
r e l a x a t i o n  o f  d i s l o c a t i o n  back s t r e s s  and p i l e  up d u r i n g  reverse loading,  so 
t h a t  t he  ma te r ia l  responds as i f  i t  were v i r g i n  m a t e r i a l  f o l l o w i n g  each load 
reve rsa l .  I n  t h i s  respect t he  c y c l i c  response i s  q u i t e  d i f f e r e n t  f r o m  mono- 
t o n i c  behavior.  Note i n  p a r t i c u l a r  t h a t  a l l  t he  c y c l i c  hodograph l i n e s  i n  the  
creep reg ion  seem t o  converge a t  a s i n g l e  p o i n t .  This w i l l  be o f  s i g n i f i c a n c e  
when f a t i g u e  l i f e  p r e d i c t i o n  i s  discussed i n  the  next  sec t i on .  
STRAINRANGE P A R T I T I O N E D  LIFE P R E D I C T I O N  
The crux o f  the study o f  c o n s t i t u t i v e  behavior o f  m a t e r i a l s  i s  i t s  use i n  
p r e d i c t i n g  f a i l u r e .  This o b j e c t i v e  has seldom been achieved ( r e f .  16).  
F a t i g u e - l i f e  data obtained from MAR-M200+Hf m a t e r i a l  a t  975 "C w i l l  now be 
presented and discussed. 
monotonic hodograph, w i l l  be proposed. Resul ts  o f  s t ra in range  p a r t i t i o n e d  
t e s t s  conducted under constant s t r a i n r a t e s  a r e  shown as s t r a i n - l i f e  curves i n  
f i g u r e  4. The P P - l i f e  curve shows s i g n i f i c a n t l y  longer  l i v e s  than CC, PC o r  CP 
r e s u l t s .  The l a t t e r  a l l  have s i m i l a r  f a t i g u e  l i v e s ,  because the re  a r e  almost 
no t ransverse g ra in  boundary segments t o  a c t  as crack i n i t i a t i o n  s i t e s  under 
t e n s i l e  creep condi t ions i n  the  d i r e c t i o n a l l y  s o l i d i f i e d  m a t e r i a l  ( r e f .  17) .  
I n  a l l  cases detectable f a t i g u e  cracks developed on ly  d u r i n g  the  l a s t  
A method o f  p r e d i c t i n g  f a t i g u e  l i f e ,  based on the 
. 
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20 percent  o f  t h e  c y c l i c  t e s t s .  Somewhat more o x i d a t i o n  occurred on t h e  crack 
face  i n  t e s t s  du r ing  which the  t e n s i l e  phase was a t  low s t r a i n r a t e  (CC and CP) 
than i n  those w i t h  h igh  t e n s i l e  s t r a i n r a t e  (PP and PC). 
P r e d i c t i o n  o f  f a t i g u e  l i f e  f o r  load ing  f requencies which engender creep 
phenomena requ i res  more than c o n s t i t u t i v e  i n fo rma t ion  alone. Although a t  some 
f requencies bo th  s t r a i n  and s t ress  depend on ly  on s t r a i n r a t e  and are  essen- 
t i a l l y  independent o f  each other,  a t  y e t  lower f requencies the  monotonic 
s t r a i n - s t r a i n r a t e - s t r e s s  r e l a t i o n  appears t o  ho ld  f o r  c y c l i c  load ing  as w e l l ,  
as shown i n  f i g u r e  3 .  On the  o the r  hand the  data o f  f i g u r e  4 i n d i c a t e  t h a t  
s t r a i n - l i f e  i s  independent o f  frequency and s t r a i n r a t e .  The key t o  c y c l i c -  
creep l i f e  p r e d i c t i o n  i s  t o  be found by i n t e r p r e t a t i o n  o f  t he  c y c l i c  and 
monotonic hodographs i n  terms o f  the c o n t r o l l i n g  deformat ion process. I t  was 
shown p rev ious l y  t h a t  t he  monotonic hodograph c l e a r l y  de f ines  recovery- 
c o n t r o l l e d  deformat ion by t h e  p o s i t i v e  s lop ing  curves i n  the  h i g h - s t r a i n  
reg ion,  and the  s i m i l a r  l i n e  which separates the  p l a s t i c i t y  and dynamic 
recovery regimes. These curves can be modeled as a f a m i l y  o f  s t r a i g h t  and 
p a r a l l e l  l i n e s ,  as i n  f i g u r e  5, and can be r e l a t e d  t o  t h e  d i f f u s i o n  energy 
r e l a t i o n .  The hardening process which occurs a t  low s t r a i n s  can be descr ibed 
as a f a m i l y  o f  parabolas emanating from the  recovery i n i t i a t i o n  l l n e  and 
i n t e r s e c t i n g  the  recovery f a m i l y  a t  some in te rmed ia te  s t r a i n .  The l i n e  o f  
i n t e r s e c t i o n  o f  the  two f a m i l i e s  o f  curves which represent  the  c o n t r o l l i n g  
processes, i s  s i g n i f i c a n t  when a t t e n t i o n  i s  turned t o  t h e  c y c l i c  load ing  case. 
A l l  the c y c l i c  creep curves o f  the hodograph ( f i g .  3 )  appear t o  converge 
a t  a unique p o i n t .  St ress amplitudes above 300 MPa i n d i c a t e  some c y c l i c  har-  
dening, w h i l e  lower s t ress  amplitudes e x h i b i t  c y c l i c  so f ten ing  i n  approaching 
t h i s  p o i n t .  Very low frequency tes ts  undergo hardening s i m i l a r  t o  monotonic 
t e s t s  a t  commensurate s t r a i n r a t e s ;  as f o r  h igher  f requencies,  these c y c l i c  
r e s u l t s  a l s o  converge t o  the  same po in t .  The f a c t  t h a t  t h i s  p o i n t  f a l l s  on 
the  l i n e  o f  maximum st resses f o r  given s t r a l n r a t e s ,  and on t h e  recovery curve 
f o r  a s t ress  o f  600 MPa, may n o t  be co inc iden ta l .  F a i l u r e  due t o  the  dynamic 
recovery processes occurs i n  the  creep reg ion  a t  an upper s t ress  l i m i t  o f  
approximately 600 MPa. The recovery mechanism appears t o  be coarsening o f  the  
y’  p r e c i p i t a t e  p a r t i c l e s  ( r e f .  10). A t  h igher  s t resses f a i l u r e  i s  s t i l l  due 
t o  recovery,  a l though i t  comes a f t e r  p l a s t i c  deformat ion.  Here the  recovery 
mechanisms i s  d i s s o l u t i o n  o f  the  y ’ ,  and d u c t i l i t y  i s  reduced as a r e s u l t  o f  
the  e a r l i e r  p l a s t i c  deformat ion.  (An ex tens ive  d iscuss ion  o f  m i c r o s t r u c t u r a l  
developments i s  g iven  i n  r e f .  10.) 
Thus the  s t ress  and s t r a i n  coordinates,  600 MPa and 0.007 respec t i ve l y ,  
a re  s u f f i c i e n t  t o  d e f i n e  cond i t i ons  lead ing  t o  f a i l u r e  under the  completely 
re laxed creep cyc l i ng ,  which c o n t r o l  CC, CP and PC f a i l u r e  i n  the  MAR4200tHf 
m a t e r i a l  under d iscuss ion.  On t h i s  basis a r e l a t i o n  o f  t he  Universal-Slopes 
type can be suggested as 
bc “UCC N-0.12 0.6 N-0.6 
2 -  E “ucc - - -  
where q jcc  
MAR-M200tHf a t  975 “ C ) ,  and cucc i s  t h e  corresponding time-dependent s t r a i n  
(equal  t o  0.007 i n  MAR-M200tHf a t  975 “C). The s t r a i n - l i f e  curve c a l c u l a t e d  
from the  above equat ion i s  shown i n  f i g u r e  4. C o r r e l a t i o n  o f  c a l c u l a t e d  
r e s u l t s  w i t h  exper imental  CC, CP, and PC da ta  i s  e x c e l l e n t .  
!s t h e  u l t l m a t e  tlme-dependent stre;; (eqiial t o  633 HPa :ii 
5 
The present contention, that fatigue life is determined by the material 
response at its maximum monotonic strength, before the onset of dynamic 
recovery leading to failure, was applied to PP data as well. Maximum stress 
under plasticity conditions occurred i n  the material investigated at UUPP 
equal to 900 MPa. The corresponding plastic strain c u p p  was approximately 
0.007, the same value as for cucc. These values of the constitutive 
parameters were substituted in a PP relation of the form: 
- - -  ‘UPP N-0.12 c0.6 ,,-0.6 
2 -  E UPP 
Calculated results, shown as a line i n  the life curve of figure 4, again indi- 
cate very good agreement with experimental PP data. 
L I F E  PREDIClION FOR OTHER MATERIALS 
In directionally solidified MAR-M200+Hf material CP and PC fatigue life 
was dominated by the creep loading. More importantly the plasticity half of 
the strain cycle did not significantly affect the response of the creep half 
of the hysteresis loop. As a result, the creep parameters remained the con- 
trolling factors in CP and PC life. However, in other materials the effect of 
compressive plasticity on the subsequent tensile creep half-cycle, in a CP 
test, and that of compressive creep on subsequent tensile plasticity in a PC 
test must be quantified i n  order to predict CP and PC lifetimes from the Uni- 
versal Slopes Equation. The appropriate.va1ues o f  uU and cU may be 
determined from the tensile side of one-cycle-to-failure tests, in which com- 
pressive stress and strain equivalent to the negative of the maximum (P or C) 
stress and strain are applied prior to tensile (C or P respectively) loading to 
failure. The validity of this approach i s  now being investigated for a number 
of other elevated temperature materials. 
The principle of applying the maximum achievable stress (true ultimate 
tensile strength) and the corresponding inelastic strain is comparable with 
Universal-Slopes parameters at temperatures not involving time-dependent pheno- 
mena. At room temperature, for example, maximum true stress occurs at or near 
specimen failure, and the corresponding inelastic strain is essentially the 
true ductility of the material. At elevated temperature the maximum stress 
occurs earlier in the monotonic test, since considerable straining under dyna- 
mic recovery control occurs after the strength of the material has been 
exhausted. 
CONCLUSION 
Presentation of monotonic and cyclic data as inelastic strainrate against 
inelastic strain differentiates between strain-hardening, softening and dynamic 
recovery. Defining and quantifying these effects facilitate formulation of a 
mode based on mechanical and microstructural processes. Thus a potentially 
useful tool for predicting high-temperature creep-fatigue life from monotonic 
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